Abstract: This paper analyses the results of experimental research of contact stresses distribution over an artificial flank wear-land and temperature distribution in a cutting wedge in a free orthogonal turning of the disk made from titanium alloy (Ti-6Al-2Mo-2Cr) by a cutter with a sharpcornered edge and with a rounded cutting edge. The investigation was carried out by the method of "split cutter" (sectional tool) and method of variable length of an artificial flank wear land. Experiments with variable feed rate and cutting speed show that in titanium alloy machining with a sharp-cornered cutting edge, the highest normal contact stress over the flank land (σ h max = 3400…2200 MPa) is observed immediately at the cutting edge, and the curve has a horizontal region with a length of 0.2…0.6 mm. At larger distance from the cutting edge, the value of normal contact stress is dramatically reduced to 1100…500 MPa. The character of normal contact stresses for a rounded cutting edge is different: it is uniform and its value is approximately 2 times smaller as compared to machining with sharp-cornered cutting edge. In author's opinion it is connected with generation of a seizure zone in chip formation region and explains working capacity of very worn-out cutting tools in machining titanium alloys. The results of experimental research of temperature distribution in the cutting tool wedge show that temperature reaches 1000 °C at essential wear over the flank surface. Such high value of temperature on the contact surface causes softening of work material, and explains the small value of tangential contact stresses (τ h = 800…200 MPa) and reduction of normal contact stresses σ h far from the cutting edge for a sharp-cornered cutting edge. 
Introduction
The wear of a cutting tool is the wear of a cutting wedge, and takes place: 1) on the face near the cutting edge with appearance a groove with length c c and depth h c , 2) on the cutting edge with radius ρ of a cutting edge rounding, 3) on the flank with appearance of a chamfer (flank land) with length h f and clearance angle α h (ordinary α h ≈0 [°]) (Fig. 1) .
The wear on the flank and rounding of the cutting edge cause increased cutting force and temperature, which in turn leads to destruction of the cutting edge. Generally, the wear on the flank is estimated by the length h f of the flank wear land which limits the wear for cemented carbide tool about 0.25 [mm] for finishing cut and 0.75 [mm] for heavy cut in steel machining. Machining of titanium alloy parts causes very intensive wear on the flank due to very small heat conductivity of titanium alloys, and the length of the flank wear land h f reaches 2.5…5 [mm] , while the cutting edge rounding radius reaches ρ = 0.3…5 [mm] [1, 2, 3, 4, 5, 6] . However, even with such large value, the cutting tool is still capable of working, which is unclear. It is necessary to know the distribution of contact loads and temperature over surfaces of the cutting tool for estimation of cutting wedge strength at various stages of wear process.
Research Methods of Contact Stresses and Temperature Distribution
The distribution of contact stresses has been received in free orthogonal turning a disk made from hard-to-machine titanium alloy ВT3-1 (Ti-6Al-3Mo-2Cr-0.3Si) with a radial feed rate f by means of the "split cutter" (sectional cutter, or sectional tool) method and by the method of variable length of an artificial flank wear land [2, 3] on the special four-component dynamometer for a sectional cutter [2] . The wear was simulated by a chamfer ground on a flank surface with a length h f and with a clearance angle α h = 0 [°]; the research of rounding influence was made by artificial rounding of a cutting edge with the demanded radius ρ. The length of the artificial wear land h f of the cutter and radius ρ was measured by means of a toolmaker's microscope. Temperature distribution in a cutting wedge was received by painting a lateral surface of a cutter with a temperature sensitive paint [7] and by measuring the color borders on the toolmaker's microscope after cutting. The relationship between color temperature and real temperature was checked in additional by calibrating the paint in a muffle.
The change in the length of a flank land insignificantly affects distribution of contact stresses over the face of a cutting tool, only through the change of a cutting temperature. It allows us to use the data of contact stresses distribution over the rake surface of the cutting tool, received in cutting by a sharp cutting tool (without a flank wear land and cutting edge rounding). Therefore the focus was given to experimental research of contact loads distribution over a flat section of an artificial flank land, which was used to simulate flank wear. 
Results of Experiments: Contact Stresses Distribution
Machining of titanium alloy ВT3-1, which forms discontinuous chip, by a cutter without cutting edge rounding, shows the greatest value of the normal contact stress σ hmax (σ hmax = 3400-2200 [MPa]) near the cutting edge (Fig. 2 , left) due to the elastic recovery of the transient surface at the moment of chip elements separating from the workpiece [8] , but then σ h is dramatically reduced to 1100…500 [MPa] far from the cutting edge (Fig. 2, right) . This feature explains working capacity of very worn-out cutting tools in machining of titanium alloys. Reduction of the normal contact stresses magnitude by three times far from the cutting edge may be due to the high value of contact temperature (Fig. 4) and contact layer softening [2, 9] .
Small value of shear contact stresses (τ h = 800 … 700 [MPa] ) and reducing far from the cutting edge (τ h = 300 … 200 [MPa]) ( Fig. 2) is explained also by the high value of contact temperature and contact layer softening.
The absence of influence of the normal contact stress on the shear contact stress indicates plastic character of contact over the flank land, which is indirectly confirmed by the presence of titanium alloy scraps adhered to the flank land after turning. In case of ordinary "external" friction, tangential force F can be calculated as F = μ×N, where μ is the coefficient of ordinary "external" friction, N is normal force. For the ordinary "external" friction μ is constant for couple of rubbing materials in the same conditions, and which does not depend on normal force. In case of plastic contact, the tangential contact stress τ h cannot be calculated as τ h = σ h ×μ, since it will be equal to ultimate shear strength of a material τ USS at the operating temperature in the contact zone (τ h = τ USS ).
Machining of titanium alloy ВT3-1 by a cutter with rounded cutting edge (Fig. 3) shows uniform pattern of normal contact stresses distribution and reduction of normal contact stresses almost by 2 times as compared to cutting without cutting edge rounding (Fig. 2) . We explain this paradoxical phenomenon by formation of a seizure zone on the cutter face in the region of rounding, which reduces contact of the transient surface with the flank land. This is indirectly proved by the presence of the scratch marks on the rounded part, left during sharpening of the cutting tool. The uniform pattern of normal contact stresses distribution is observed also in brass machining by a cutter with a rounded cutting edge [2] .
In titanium alloy machining the tangential contact stresses in the area that is more than 0.3 mm away from the cutting edge are a bit higher in magnitude in cutting with a rounded cutting edge (τ h = 350 … 420 [MPa]) (Fig. 3) than the tangential contact stresses in cutting with a sharp-cornered cutting edge (τ h = 300 … 200 [MPa]) (Fig. 2) . The increase of τ h for a rounded cutting edge is explained by work-hardening of the work material when it moves under a rounded section of the cutting edge [2, 6, 9, 10] . The absence of influence of normal contact stresses σ h on the tangential contact stresses τ h indicates plastic character of contact over the flank land, which is indirectly confirmed by presence of titanium alloy scraps adhered to the flank land after turning.
Magnitude of the highest contact loads σ h max , τ h max and the length C′ of the horizontal region of the curve σ h (Fig. 3) are directly proportional to the rounding radius value ρ [2] that may be due to an increase of the material volume, pressed down under the cutting edge, or may be due to an increase of the elastic deformation of the work material in chip formation zone, which is proved by direct proportional dependence of the radial component of the cutting force P y r acting on the face on the rounding radius ρ [2] . In our opinion the last is more correct. The increase of cutting force components, when the seizure zone is formed, is explained by the small sizes of this zone, which cannot cope with increase of resistance to chip formation from the rake surface. In order to change normal contact stress over the flank land, even minor change of the seizure zone is enough due to the rigidity of the contact over the flank surface.
Results of Experiments: Distribution of Temperature in a Cutting Wedge
Temperature distribution in a cutting wedge is presented on a Fig. 4 . It is possible to mark the temperature rise to 1000 [°C] at essential wear on the flank surface. Such high value of temperature on contact areas causes reduced strength of work material, and explains the small value of tangential contact stresses τ h and reduced normal contact stresses σ h far from the cutting edge (Figs. 2 and 3) . Calculation of the temperature field in the cutting wedge by a finite element method at simulation of cutting with use of software ANSYS12 shows good coincidence between theoretical and experimental data.
Distribution of Internal Stresses in Cutting Wedge
For calculation of internal stresses distribution, ANSYS12 software was used. The thickness of cutting inserts (plates) was equal to 6 [mm], the width was equal to width of a disk (4 [mm] ), the length was equal to 9 [mm]. The greatest internal stresses in the cutting wedge are normal stresses σ y which coincide with the direction of the radial component P y of the cutting force. For the sharp-cornered cutting edge the greatest internal normal stresses σ y are settled down near to the cutting edge. They are compression stresses (Fig. 5a) The reduction of the greatest internal normal stress σ y near the cutting edge (σ y max = -2790 [MPa]) (Fig. 5b) with appearance of moderate wear over the flank surface (h f = 0.5 [mm]) explains the reliability of slightly worn-out cutting tools. Increasing the flank land length h f causes the greatest increase of internal normal stress σ y near the cutting edge (σ y max = -2900 [MPa]), but it did not exceed ultimate compression stress of cemented carbide BK8, which explains working capacity of cutting tools in machining of titanium alloys even with large wear of the flank (h f = 1 [mm]) (Fig. 6c) .
In the case of rounded cutting edge, the greatest internal compression stress approaches ultimate compression stress for cemented carbide BK8 (Fig. 5d ) due to increasing cutting force over the face and the rounded cutting edge [2] .
Conclusion
1. In machining of titanium alloy (Ti-6Al-2Mo-2Cr), which forms discontinuous chips, by a cutter with a sharp-cornered cutting edge, the greatest normal contact stress is observed immediately at the cutting edge; the curve has a horizontal region with the length of 0.2…0. 6 [mm] with very large magnitude (σ h max = 3400-2200 [MPa]). Increasing the feed causes increased normal contact stress.
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2. In machining of titanium alloy (Ti-6Al-2Mo-2Cr), the normal contact stress σ h is dramatically reduced to 1100…500 [MPa] far from the cutting edge. This feature allows a cutting tool to save working capacity with considerable wear over the flank surface in machining titanium alloy. Reducing value of normal contact stresses far from the cutting edge is explained by the high value of the contact temperature and contact layer softening.
3. Small value of shear contact stresses (τ h = 800…700 [MPa]) near the cutting edge and their reduction far from the cutting edge (τ h = 300…200 [MPa]) in machining of titanium alloy (Ti-6Al-3Mo-2Cr) is explained by the high value of the contact temperature and contact layer softening.
4. The magnitude of normal contact stress over the flank land in cutting of titanium alloy with a rounded cutting edge is two times smaller than in cutting with a sharp-cornered cutting edge. This is explained by the formation of a seizure zone on the rounded section of the cutting edge.
5. Reduction of the normal contact stresses magnitude over the flank land by two times in cutting with a rounded cutting edge explains working capacity at considerable wear of a cutting edge in machining titanium alloy.
6. The increase in tangential contact stresses over the flank land in cutting titanium alloy (Ti6Al-3Mo-2Cr) with a rounded cutting edge is explained by work-hardening of the work material due to high plastic deformations.
7. Temperature distribution in a cutting wedge shows high temperature in a contact of a chip with a cutting tool, which reaches 1000 [°C] in the case of appreciable wear of a cutting tool.
8. Reduction of the greatest internal normal stress σ y max in a cutting wedge with appearance of insufficient wear over the flank surface explains the reliability of slightly worn-out cutting tools in machining of titanium alloys.
